The quantitative genetics of allocation to sexual functions was examined in the andromonoecious plant, Solanum carolinense. A restricted maximum likelihood (REML) analysis was employed to determine heritabilities and genetic and environmental correlations for flower number, the proportion of those flowers that were male, and the size of flower parts (corolla diameter, pistil length, and anther length and width) in each of three populations used in a diallel crossing design. All floral characters were highly heritable. The sizes of flower parts were positively genetically correlated with one another, which will restrict the independent evolution of these parts. Negative genetic and environmental correlations exist between flower size and proportion male flowers, indicating the potential for the evolution of individuals with either many, small male flowers or few, large, cosexual flowers. The high heritabilities of the traits examined as well as the genetic correlations among them indicate the potential for the evolution of gender specialization in this species, because flower size and number have the potential to affect sex-specific reproductive success.
Introduction
Breeding system evolution in plants is largely a function of the reproductive gains associated with allocation of limited resources to different sexes within individuals. The need to allocate limited resources to potentially conflicting sex functions will cause trade-offs in cosexual individuals, which express both male and female sexes, and may have been one of the selective forces for the evolution of dioecy, in which separate sexes are expressed in different plants (Charlesworth & Charlesworth, 1978; Bawa, 1980; Meagher, 1992) . Andromonoecy, in which both cosexual and male flowers are present together within individuals, may have evolved in response to similar resource conflicts; the production of extra male flowers may allow continued male reproduction when further fruit production (female reproduction) is unlikely because of resource constraints (Primack & Lloyd, 1980; Bertin, 1982; Whalen & Costich, 1986; Solomon, 1987; Diggle, 1991) .
Cosexual plants rarely have equal reproductive success through male and female functions (Lloyd, 1980; Ross, 1990) . Plant gender includes aspects of flower size and flower number, which may differ in their impacts on sex-specific fitness. In plants with more than one flower type, the relative proportion of each morph produced will be an important determinant of the reproductive success gained through each sex. In andromonoecious species, excess male flower production may increase attractiveness of a plant to pollinators, thereby increasing male success (Bertin, 1982; Whalen & Costich, 1986; Devlin et al., 1992) . Allocation of resources to different flower parts may also affect sex-specific success. For example, large petals or other attractive structures may primarily increase male, but not female, success (Bell, 1985; Young & Stanton, 1990; Campbell et al., 1991) . Variation in sex allocation can therefore lead to phenotypically mediated variation in sex-specific success, potentially leading to gender specialization. Only if variation among individuals in flower size or number has a genetic basis, can the tendency for gender specialization be passed on to offspring (e.g. Robertson et al., 1994) . The potential for the evolu-tion of sex allocation patterns and resulting breeding systems can therefore best be examined through the use of quantitative genetic analysis tools (Morgan, 1992 (Morgan, , 1994 .
Variation in whole-plant characters such as flower number is often expected to be largely a function of environmental conditions (Anderson, 1979; Primack & Lloyd, 1980; Houle, 1992) , and so may be relatively impervious to selection. Variation in sizes of floral parts or other within-module characters is more likely to have a genetic basis, but these characters may not be able to evolve independently of one another. If resources are limited, allocation tradeoffs are likely between different sex functions, which may lead to negative genetic correlations among reproductive traits (Atlan et al., 1992; Mazer & Hultgård, 1993) . Alternatively, developmental constraints and other factors often lead to positive genetic correlations among floral characters, which have been documented frequently (deLaguerie et al., 1991; O'Neill & Schmitt, 1993; Fenster & Ritland, 1994; Meagher, 1994; Stanton & Young, 1994; Ågren & Schemske, 1995) . In either case, significant genetic correlations among floral characters will limit independent evolution of sex-specific phenotypic traits (Dorn & Mitchell-Olds, 1991) . This may specifically be an issue in the family Solanaceae, in which floral morphology is highly conserved (see for example Harder & Barclay, 1994; King & Buchman, 1996) . It is therefore necessary to measure the genetic correlations among floral characters, as well as the amount of underlying genetic variance, to determine whether the independent evolution of sex-specific reproductive characters is possible (e.g. Stanton & Young, 1994; Meagher, 1994) . This paper explores the genetic basis of sex allocation in an andromonoecious plant, Solanum carolinense (L.) (Solanaceae). I make use of a crossgenerational quantitative genetic analysis to address the following specific questions. (i) Are flower number, flower morph ratio, and flower size heritable characters in S. carolinense? (ii) What are the genetic and environmental correlations among floral characters? (iii) How might these characteristics aid or constrain the evolution of gender specialization in this species?
Methods
The study species Solanum carolinense, horsenettle, is a native perennial pasture weed common throughout much of the United States. The species is weakly andromonoecious, with the potential to bear both cosexual and male flowers on an inflorescence, although cosexual flowers tend to be more numerous (Whalen & Costich, 1986) . The two flower types are perfect and quite similar, but male flowers are smaller overall (see below), have greatly reduced pistils, and are incapable of setting fruit (Solomon, 1986) . Cosexual flowers are produced basally, and the male flowers (when present) at the tips of inflorescences. There is no nectar, and the showy anthers are attractive to pollinators, for whom pollen is the only reward (Solomon, 1987) . The fruit is a berry, ripening to bright yellow, and containing an average of 160 seeds (E. Elle, unpubl. data). Individuals are selfincompatible under typical field conditions, so all seeds produced are through outcrossing, although the incompatibility system may break down under greenhouse conditions (A. Stephenson, pers. comm.; E. Elle, pers. obs.).
Crossing design
Genetic analyses were conducted for each of three populations. Ripe fruits were collected from: (i) a sheep pasture at Cook College, Rutgers University, New Brunswick, NJ; (ii) Brookfield landfill (closed) on Staten Island, NY; and (iii) an old field at Hutcheson Memorial Forest, Franklin Township, NJ. Fruits were collected from 12 source plants in each population. Because plants are capable of clonal spread, source plants were spatially isolated from one another (at least 2 m apart), with the intention of increasing the probability that they were genetically distinct individuals.
Seedlings from each source plant family with adequate germination (Sheep Pasture: eight families; Landfill and Old Field: 10 families) were reared in the greenhouse at Rutgers University, Piscataway, NJ, and one plant from each source plant family was randomly chosen to use in crosses. Crosses were performed on greenhouse-reared plants to minimize the environmental variance experienced by the parent generation and resultant maternal effects, and to produce a family structure (including full-sibs nested within paternal half-sib families) appropriate for a genetic analysis. Plants were randomized within the greenhouse, and each plant chosen for crosses was used as both pollen donor and pollen recipient in crosses with individuals from other families within that population. All possible crosses within populations were performed twice. The design therefore included all reciprocal crosses, and two replicates of each cross. Some crosses were unsuccessful, most likely because of the compatibility relationships among the plants.
All flowers used in crosses were bagged prior to anthesis, to prevent accidental pollination. Fruit-set was common in unbagged flowers, and along with declining day length led to natural senescence of the plants. Therefore, crosses were performed in two temporal blocks. The first block was performed under natural light conditions in the greenhouse. After fruits from these crosses were collected, plants were cut back and placed under lights simulating 16 h days. This lighting regime allowed completion of the crosses by ensuring continued flowering of the plants. Crosses were not evenly distributed among blocks, because of natural variation among individuals in flowering frequency. Block effects are included in genetic analyses to control for variation in lighting and other environmental effects, and subsequent effects on floral characters (see below).
Seeds from one of the replicate fruits for each successful cross (including reciprocal crosses) were used to produce the offspring generation. Replicate fruits and seeds were chosen in a haphazard manner. A total of 1055 plants representing 28 paternal half-sibships were grown in completely randomized positions within the greenhouse. Both the offspring generation and the first temporal block of the initial (parent) generation were raised in the same greenhouse, during the same time of year (in two subsequent years), under natural light. The generations differed primarily in pot size; parent plants were raised in five-inch pots, and offspring in three-inch pots because of space constraints. To account for environmental differences between different areas in the greenhouse, as well as among years, a bench effect was included in the genetic analysis (see below).
Phenotypic measurements
Floral characters were measured on each of the parent and offspring plants used in this study. The total number of flowers produced before natural senescence, and the proportion of those flowers that were male, were counted for each individual. These estimates of whole-plant allocation to reproduction were chosen because total flower number may be an important signal to pollinators (Bertin, 1982; Devlin et al., 1992) , and the proportion of male flowers produced provides an estimate of the gender potential of an individual (Primack & Lloyd, 1980; Bertin, 1982) . In addition, flower size was determined by measuring corolla diameter, pistil length, and anther length and width for four cosexual flowers (three in the offspring generation) on each plant and up to four male flowers, dependent upon male flower production. Only cosexual flowers were used to estimate flower size in genetic analyses (see below) because male flower production was very uneven among individuals, and sample sizes were therefore very low. Means for flower size were calculated by individual for use in the analysis. When plants did not flower, or if their flowers were not measured, they were not included in the analysis of flower size, but were included in the analysis of flower number, because the lack of flower production is a valid allocation strategy in this perennial, vegetatively reproducing plant. The number of individual plants in each generation, and the number of those individuals that flowered, is indicated in Table 1 .
Analyses
Each population was analysed separately. My goal was to determine the additive genetic variance/heritability for each trait, as well as the genetic correlation structure among traits. The presence of additive genetic variance indicates the potential for the evolution of a trait, whereas genetic correlations among traits indicate that independent evolution of the traits will be constrained by their relationship to one another (Falconer, 1989) . The two-generation design described above includes parent/offspring, full-sib, and half-sib relationships, all of which contribute information to the analysis. To take full advantage of this information, I employed a restricted maximum likelihood approach (REML) to estimate heritabilities and correlations. In addition to its power for use with extended pedigrees, REML is preferred to ANOVA for statistically unbalanced data (Shaw, 1987) . The data from the current study are unbalanced because of variation in the success of crosses, most likely caused by the compatibility relationships among plants, and natural variation in survivorship and flowering of the offspring generation. The REML approach, unlike other methods for estimating heritability, allows highly accurate estimation of effects, especially from nontraditional or unbalanced crossing designs (see Falconer, 1989 for a discussion of the difficulties in obtaining precise heritability estimates).
For this analysis, I used the PEST/VCE REML package by Neumaier & Groeneveld (in press; ftp site 192.108.34.1) . This program estimated the heritabilities and genetic and environmental correlations for the traits I measured, incorporating pedigree data from the entire data set. Also determined were the variances associated with these maximum likeli-hood estimates, which allowed me to determine their significance through the use of t-tests. This is a powerful method of determining the precision of heritability estimates, because correlations that are small in magnitude can be determined to be significantly different from zero if their variances are also correspondingly small. The REML model included pedigree effects to estimate genetic variance components, and factored out fixed effects of block (time of cross) and bench (location in the greenhouse), because these environmental factors contributed to the phenotypic variation exhibited by the plants. Parent plants were assigned a different block and bench designation to account for differences between the generations in environmental factors.
Results
Means for all traits by source population for both the parent and offspring generations are presented in Table 1 . The three source populations differed for all aspects of flower size and number, with the population having the highest mean flower number (Landfill) producing the smallest flowers. Male flowers were smaller than cosexual flowers, and there was a trend for flower parts, especially the corolla, to be larger in the offspring generation than the parent generation. Flower number varied greatly between generations and among populations, as well as among individuals (note the high standard deviation), as did the proportion of male flowers produced. Many individuals in the offspring generation did not flower, whereas parent plants (which lived longer and grew larger) produced many more flowers overall. Size differences between generations were largely caused by the smaller pot size required for growing larger numbers of plants in the offspring generation.
Most traits measured were heritable in all three experimental populations, with the exception of flower number and proportion male in the Sheep Pasture population (Table 2) . Flower size variables exhibited especially high heritabilities, averaging around 0.40 but ranging as high as 0.78 for anther length in the Sheep Pasture population. The proportion of male flowers produced was also a highly heritable trait in two populations. Heritability for flower number ranged from 0.16-0.19, lower than the other heritabilities calculated in this experiment.
Flower size variables were positively genetically correlated with one another, especially in the Landfill and Old Field source populations (Table 2) ; in all populations, flower size variables also exhibited positive environmental correlations. This means that any change in the size of one flower part will be accompanied by a similar change in the size of other flower parts, and that the environment tends to affect all flower size variables similarly. Although in all populations there were significant positive environmental correlations between flower number and the proportion male flowers produced, the genetic correlation between these two characters was significant only in the Old Field population. This correlation of 0.31 was the only genetic correlation of large magnitude discerned between flower size and number. Proportion male was negatively environmentally correlated with all flower size variables in all populations, except for anther width, with which it was significantly positively correlated. Again, only in the Old Field population were any of the genetic correlations significant; in this case, small negative correlations between proportion male and corolla diameter and pistil length. Interestingly, these two flower size variables were positively genetically correlated with flower number in the Landfill population, in which there was no genetic correlation between flower number and the proportion of male flowers produced. 
Discussion
This study has shown that flower size and number are heritable characters in Solanum carolinense, although the independent evolution of floral characters may be impeded as a result of significant genetic correlations among them. However, heritability of flower size and the proportion of male flowers produced indicates the potential for the evolution of gender specialization in this species. In all three populations of S. carolinense studied, size of all flower parts measured was highly heritable, indicating the potential for a response to selection on flower size. Large flowers are considered to be highly attractive to pollinators, so flower size is likely to be an important component of reproductive success (Bell, 1985; Young & Stanton, 1990; Campbell et al., 1991) . Also important to reproductive success is the size of the floral display (Bertin, 1982; Devlin et al., 1992) ; in the Landfill and Old Field populations, flower number and proportion male had significant heritabilities as well. The presence of additive genetic variation for flower production is important because flower number is thought to respond primarily to environmental conditions (Anderson, 1979; Primack & Lloyd, 1980) , which may explain why heritabilities for total flower number are lower than for other traits measured.
The proportion of male flowers produced might, by the same reasoning, be expected to have low heritability; however, this character was highly heritable for both the Landfill and Old Field populations. This may be because many plants did not produce any male flowers at all, and so male flower production may be inherited in a fashion similar to discrete characters, with the presence or absence of male flowers more important than their relative number. This pattern of inheritance would result in some individuals producing both cosexual and male flowers, and others producing cosexual flowers alone. Genetic factors have been shown to control the allocation of resources to male vs. female flowers in cucurbits (Charnov, 1982) . However, a study of Solanum hirtum indicated that production of male flowers is a plastic response to resource conditions in this andromonoecious species (Diggle, 1991) . In S. carolinense, male flowers are produced after the cosexual flowers, and may be present as a way to ensure further reproduction as a male when fruit production is constrained by resource availability (Primack & Lloyd, 1980; Bertin, 1982; Whalen & Costich, 1986; Solomon, 1987; Diggle, 1991) . Although the reproductive strategy involving male flower production may be plastic in the Solanaceae, it appears to be employed only in some of the families of S. carolinense included in the current study, which indicates a genetic component that has obvious implications for the evolution and maintenance of andromonoecy in this species.
Although flower size and number could respond to selection in S. carolinense, any evolution of the breeding system will be constrained by the relationships among the floral traits in question. Flower shape, for example, may resist selection for change in this species, because the sizes of flower parts are genetically correlated with one another. Positive genetic correlations have been found among sizes of flower parts in several plant species (deLaguerie et al., 1991; O'Neill & Schmitt, 1993; Carr & Fenster, 1994; Meagher, 1994; Stanton & Young, 1994; Ågren & Schemske, 1995) , indicating constraints on the evolution of floral form. On the other hand, the genetic correlation structure between flower number, proportion male, and flower size may be important in its effect on the evolution of gender specialization. There were few significant genetic correlations detected by this study; but those that exist indicate the potential for the evolution of plants with many, small, male flowers as opposed to few, large, cosexual flowers.
Implications for breeding system evolution
This study has shown that genetic variation exists for floral characters in S. carolinense. Especially significant is: (i) the high heritability of the proportion of male flowers produced, because this has the potential to affect the gender expression of individuals; (ii) the presence in at least one population of negative genetic correlations between proportion male and flower size; and (iii) a positive genetic correlation between proportion male and flower number. This may indicate the potential for the evolution of functionally male plants with many, small, male flowers, and functionally female plants with few, large, cosexual flowers.
The Solanaceae, and especially the genus Solanum, includes species expressing a diversity of breeding systems (Anderson, 1979) . Cosexual taxa include true hermaphrodites, where each flower is cosexual, as well as a range of expression of andromonoecy (Anderson, 1979; Whalen & Costich, 1986) . Also present in the genus are several functionally dioecious species (formerly classified as androdioecious). In these species, individuals produce either male flowers or cosexual flowers, but morphologically cosexual flowers (and plants) can achieve reproductive success only through female function (Anderson, 1979; Anderson & Symon, 1989) . Anthers on these plants produce nonfunctional pollen, and may be retained because of the role of anthers in attracting pollinators (Solomon, 1987; Anderson & Symon, 1989; Harder & Barclay, 1994) which is necessary to ensure fruit set.
The heritable variation observed in S. carolinense in the current study for both flower size and the proportion of male flowers produced may be an important factor leading to the evolution of a breeding system like functional dioecy. This is especially relevant if genetic variation is coupled with sex-specific, phenotypically determined variation in relative fitness (Morgan, 1992 (Morgan, , 1994 . Field experiments designed to measure the sex-specific fitness effects of allocation to different floral parts and flower types in S. carolinense indicate that large flower size may be more important to male than female success, and that increased male flower production increases male success and decreases female success (E. Elle, in prep.). Heritable variation among plants in their floral characters therefore leads to differences among them in functional gender, which has important implications for breeding system evolution in this species.
